Summary Foliar frost resistance of three endemic New Zealand trees, Nothofagus menziesii (Hook. f.) Oerst. (Fagaceae), Pittosporum eugenioides A. Cunn. (Pittosporaceae) and Griselinia littoralis Forst. f. (Cornaceae), was examined as the trees hardened from late summer to midwinter in a lowland forest site. The lowest temperatures causing 50% damage (LT 50 ) occurred in late winter and were similar to those recorded for other forest trees native to New Zealand (−11.7 °C in N. menziesii, −10.7 °C in P. eugenioides, and −10.6 °C in G. littoralis). All three species hardened by 4--7 °C, with G. littoralis showing the least frost resistance in summer and hence the greatest degree of hardening. Thermal analysis during freezing indicated that all three species became more tolerant of extracellular ice formation in winter. Measurements of chlorophyll a fluorescence correlated well with visible injury. The differing patterns of frost damage development in the three species were related to leaf anatomy: visible injury was localized within the small compartments formed by the highly septate leaves of the most resistant species, N. menziesii, and was somewhat localized in the partially septate leaves of P. eugenioides, whereas damage could be initiated anywhere in the aseptate leaves of G. littoralis, which was the least frost resistant species, particularly in summer.
Introduction
During cold hardening, leaves may either remain freezing sensitive and become damaged as soon as ice forms within the tissue or become freezing tolerant and sustain a certain amount of ice formation before damage occurs. Moderate frost resistance of evergreen leaves may be achieved either by extracellular freezing of cellular water (equilibrium freezing) or by supercooling of the cellular solutions (nonequilibrium freezing) (Olien 1978, Lösch and Kappen 1981) . Persistent supercooling, to −10 or −12 °C, has been reported as a frost survival mechanism in several species with evergreen leaves from warm temperate climates with mild winters (Sakai and Larcher 1987) . Leaves of most angiosperm trees native to New Zealand are moderately frost hardy during winter, with incipient injury occurring at temperatures between −2 and −15 °C, but show seasonal acclimation of only 1--6 °C. These attributes are characteristic of freezing-sensitive leaves that are injured as soon as ice forms within the tissue (e.g., olive (Larcher 1982) ). However, leaves of seedlings of Nothofagus solandri var. cliffortioides (Hook. f.) Oerst. show up to 8 °C of hardening (Greer et al. 1989 ) and leaves of adult trees exhibit up to 11 °C of hardening (Wardle and Campbell 1976) , indicating the potential of Nothofagus species to develop freezing tolerance.
To examine the underlying mechanism of foliar frost resistance (frost hardiness) of New Zealand evergreen trees, Nothofagus menziesii (Hook. f.) Oerst. (Fagaceae), Pittosporum eugenioides A. Cunn. (Pittosporaceae) and Griselinia littoralis Forst. f. (Cornaceae) were investigated. These species were chosen because they differ in leaf anatomy and phenology. Furthermore, there is no published information on the frost resistance of the important timberline tree, N. menziesii, which was chosen because it was expected to develop a higher frost resistance than the other two species.
Materials and methods

Plant material
The genus Nothofagus is restricted to the Southern Hemisphere, and Griselinia to New Zealand. Nothofagus menziesii, which may attain a height of 30 m, has a broad altitudinal distribution, from sea level to the timberline, where it can be found in almost pure stands (Wardle 1984) . Pittosporum eugenioides attains a height of about 12 m and is found in forests, on forest margins and stream banks. It is restricted to altitudes below 600 m (Salmon 1980) . Griselinia littoralis is a spreading tree up to 15 m tall. It is most common at low altitudes but may be found up to 900 m (Salmon 1980 Samples were collected monthly before 1000 h. Twigs supporting two or more years of growth were cut from at least five adult trees of each species, from the northern and eastern periphery of each crown about 1.5 m above ground. The twigs were wrapped in polyethylene bags and transported at temperatures similar to the collection site to the Botany Department of the University of Otago, where only the current-year growth was subjected to frost treatment. The interval between collection and treatment was about 1 h.
Determination of foliar frost resistance
Frost treatments were conducted as described by Bannister (1984b) in microprocessor-controlled commercial freezers. Samples were wrapped in polyethylene bags and surrounded with polystyrene foam to minimize temperature fluctuations. Freezers were programed to decrease temperature at about 12°C h −1 to about 0 °C. Thereafter, the cooling rate was maintained at ≤ 5 °C h −1 until the target temperature was reached and held constant for 8 h. Warming rates were < 5 °C h −1 . During treatment, leaf temperatures were monitored at 15-min intervals by thermistors connected to a chart recorder (miniature temperature recorder, Model D, Grant Instruments Ltd., Cambridge, U.K.).
After freezing, treated twigs were placed on damp paper towels within polyethylene bags at moderate illumination (about 100--200 µmol m −2 s −1
) at room temperature. Frost damage was assessed after 7 days by visual estimation of the percent damage to the lamina. Percent damage was then plotted against the frost treatment temperature and a logistic curve was fitted to the data (P.fit, Biosoft, Cambridge, MS). The values for 10, 50 and 90% damage (LT 10 , LT 50 and LT 90 ) were obtained from the curve. Estimates of LT i (the highest temperature causing incipient injury) and LT 100 (the highest temperature causing 100% damage) were also made.
Determination of ice formation
Freezing exotherms for leaves of G. littoralis and P. eugenioides were registered with thermistors (Grant Instruments Ltd.). Exotherms for leaves of N. menziesii were detected by thermocouples connected to a programable datalogger (CR10, Campbell Scientific Ltd., Logan, UT, USA). A single thermocouple or thermistor was mounted under each leaf. The leaves were insulated between sheets of polystyrene, to reduce heat loss during ice formation, and placed in a precooled commercial freezer. Cooling rates below 0 °C were 1.5 °C min . The chart recorder registered temperature at a maximum rate of one measurement per minute. A recording rate of one measurement per second was used for the thermocouples.
The supercooling temperature, T sc (Levitt 1980 , see also Sakai and Larcher 1987) , was determined as the lowest subfreezing leaf temperature attained before the exothermic increase. Data presented are mean values of at least 10 trials.
Smaller increases of temperature due to ice formation were detected by differential thermal analysis (DTA, Burke et al. 1976) . In addition to the sample temperature, a parallel, waterfree, reference temperature was recorded. The temperature difference (DK) was subsequently plotted against the reference temperature. Cooling rates were the same as those used for the determination of T sc , except that lower rates of 1 °C h −1 were sometimes used. Leaf and reference temperatures were usually recorded every second, but every 2 min when the cooling rate was only 1 °C h −1
. At least five replicate leaves were used for each determination.
In vivo chlorophyll fluorescence measurements
The functioning of mesophyll cells during frost treatment was monitored by in vivo chlorophyll fluorescence, with two pocket computer fluorometers (Larcher and Cernusca 1985) . The fluorometer consisted of an SF-10 sensing probe (Brancker, Ottawa, Canada) controlled by a microcomputer. Induction transients were recorded for three different time scales (0--100 ms, 0--8 s and 0--100 s).
Leaves were dark adapted for 45 min before fluorescence was induced by red light of 630 to 720 nm wavelength at an intensity of 13 µmol m −2 s −1 (quantum sensor LI-188B, Li-Cor
Inc., Lincoln, NE) for a duration of 100 s. The effects of low temperature on chlorophyll fluorescence were measured on attached leaves mounted under the sensor head of the pocket fluorometer. A 1-mm thick cork ring and a thin (0.15 mm) cover-glass were interposed between the leaf and the sensor head. A small fan ensured an even lowering of temperature within the microprocessor-controlled freezer. The temperature was progressively reduced until leaves were completely frozen. Cooling rates were 6 °C h −1 above 0 °C and 1 °C h −1 below 0 °C, when fluorescence transients were recorded at 45-min intervals. The fluorescence ratio t p /t p20 was determined according to Larcher et al. (1991) , where t p and t p20 are the times required to attain peak fluorescence at the freezing temperature and at 20 °C, respectively. Four replicates were used for each species.
Results
Leaf anatomy
All three species have evergreen dorsiventral leaves that differ in their transverse structure ( Figure 1 ). Only mature leaves were sampled for frost resistance measurements, and it was assumed that no gross changes in leaf anatomy occurred between late summer and midwinter. In N. menziesii, fibrous bands, which reach from the upper to the lower epidermis and follow the reticulate venation of the leaves, make the mesophyll highly septate, producing small compartments of 0.01 to 0.1 mm 2 in area. Leaves of P. eugenioides lack sclerenchyma, which is typical of Pittosporaceae (Metcalfe and Chalk 1979) . Mechanical support is provided by two epidermal layers (Napp-Zinn 1973) and collenchyma located above and below the vascular strands of the main vein. Second-order veins are embedded in collenchymatous bands that reach from the upper to the lower epidermis and produce a septate leaf blade. The leaf compartments are larger than in N. menziesii: about 0.2-0.5 mm 2 in area near the leaf margin, but larger near the central main vein (1-3 mm 2 ). The leaves of G. littoralis contain no sclerenchymatous or collenchymatous supporting tissue, and are therefore without septae. Mechanical support is provided by a hypodermis.
Both the palisade and spongy mesophyll of N. menziesii are densely packed, with small cells and narrow intercellular spaces. Mesophyll cells and intercellular spaces are larger in P. eugenioides and largest in G. littoralis. Consequently, the densely packed mesophyll and anatomical separation of freezing units found in N. menziesii provide an ideal structure for effective supercooling (Sakai and Larcher 1987) , whereas anatomical requirements for supercooling are met to a decreasing extent in P. eugenioides and G. littoralis.
Symptoms of freezing injury
Differences in the pattern and development of frost damage in leaves of the three species were related to leaf anatomy. These differences were consistent and did not change with season. The first signs of damage in leaves of N. menziesii occurred in parenchymatous cells in the axils of basal veins of the leaf, where fringed domatia (small pits) often occur. Subsequently, however, the strongly septate leaf blade of N. menziesii developed a mottled pattern of damage when leaves were exposed to temperatures around LT 50 : some intercostal regions were completely killed, whereas others were undamaged. The same pattern of injury, which seems to be typical of septate leaves, has been observed in N. solandri var. cliffortioides (Wardle and Campbell 1976) as well as in Mediterranean sclerophyllous plants (e.g., Laurus nobilis L., Quercus ilex L. (Larcher 1954 ) and leaves of Cinnamomum (Larcher 1985) ).
In contrast to N. menziesii, the initial damage to leaves of P. eugenioides occurred in the collenchymatous cells associated with the veins. A mottled pattern of damage developed at the leaf tip and on the leaf margins, indicating the protection (probably from ice expansion) afforded by the small compartments formed by septae in these regions. The epidermal layers were often the first site of injury in the intercostal regions of the leaf, with the mesophyll becoming affected later. This made the visual assessment of damage difficult, because damage had to be evaluated in three dimensions. Similar damage has been observed in Mediterranean sclerophylls (e.g., Arbutus unedo L., Larcher 1954) .
The pattern of leaf injury in G. littoralis was characteristic of leaves containing homogeneous mesophyll (e.g., Olea, Larcher 1964) and was typified by a diffuse blackening or browning that might be initiated anywhere on the leaf blade.
Foliar frost resistance
All three species showed an increase in foliar frost resistance during natural hardening from late summer until midwinter (Figure 2) . Notofagus menziesii showed the highest resistance throughout the year, and G. littoralis the lowest.
In winter, the maximum foliar frost resistances (LT 50 ) of all three species were similar (-11.7°C in N. menziesii, -10.7°C in P. eugenioides, and -10.6°C in G. littoralis) and the different amounts of hardening (4°C in N. menziesii and P. eugenioides, and 6.8°C in G. littoralis) mainly reflected the lower frost resistance of G. littoralis in summer.
The range of temperatures associated with 10-90% damage (Figure 2 ) was from 1 to 4°C for all three species, except for G. littoralis during March and April when it was < 1°C. A narrow range of temperatures causing damage has also been found in other indigenous species (Bannister 1984a (Bannister , 1994b , although a difference of > 5°C between temperatures causing incipient injury (LT i ) and maximum damage (LT 100 ) has been observed in N. solandri var. cliffortioides (Wardle and Campbell 1976) .
Susceptibility to ice formation
The temperature at which freezing commences in plant tissues appears to depend on leaf anatomy, the presence of ice nuclea- tors and tissue water content, and is further influenced by leaf detachment (Sakai and Larcher 1987) . The capacity for transient supercooling may be reduced in attached leaves because of the presence of ice nucleators in the vascular system. Measurements of freezing exotherms in attached leaves during winter indicated that ice formed at temperatures 4--5 °C higher than the measured threshold supercooling temperature, T sc *, of detached leaves with a dry surface (Neuner, Bannister and Larcher, unpublished observations). However, T sc * was used to measure the potential capacity for supercooling and did not change significantly during natural hardening (Figure 2) . Mean values for all three species were between −5 and −8 °C and are within the range reported for transient supercooling in other evergreen leaves (Larcher 1985) . However, the low rates of freezing (≤ 5 °C h −1 ) used to determine frost resistance were intended to reduce both the degree of supercooling indicated by T sc * and the associated possibility of increased damage.
In summer, leaves of P. eugenioides and G. littoralis were damaged as soon as freezing exotherms indicated the first formation of ice within the leaf tissue. At T sc *, leaves of P. eugenioides showed around 50% damage and leaves of G. littoralis were completely killed. These two species are evidently freezing-sensitive in summer and are likely to be damaged by sudden freezing when the thermal equilibrium is restored after transient supercooling (Olien 1978) . We were unable to detect exotherms in leaves of N. menziesii, and thus no information is available on the pattern of ice formation for this species in summer.
In winter, all three species showed tolerance of ice formation within their leaf tissues and, in contrast to summer, the onset of damage was coincident with T sc * (see Figure 2) . However, in situ measurements of the threshold supercooling temperature, T sc (Figure 2 ), in winter indicated that ice formed at much higher temperatures in attached leaves, and major tissue damage occurred several degrees below T sc , indicating that the leaves were tolerant of ice formation within their tissues.
The freezing characteristics of the three different leaf types were apparent when the results for DTA and damage were combined (Figure 3) . In N. menziesii, the exothermic response indicated a sequential freezing of leaves that was associated with a progressive increase in damage. In leaves of P. eugenioides and G. littoralis the exotherms showed an initial sharp peak that was associated with no more than 10% damage, suggesting that the peak was associated with the nonlethal freezing of extracellular water.
Tissue freezing measured by in vivo chlorophyll fluorescence measurements
Fluorescence measurements, especially the relationship of t p /t p20 to temperature (Figure 4) , showed characteristic changes that were related to ice formation within the leaf (Larcher et al. 1991) . In N. menziesii, the decline in t p /t p20 was coincident with the range of temperatures associated with freezing of the leaf (Figure 3) . The broad range of temperature (4.5--9 °C) associated with the decline of t p /t p20 to zero reflected the capacity of the small compartments to supercool and remain photosynthetically active. This interpretation is consistent with the observed mottled pattern of damage.
A differential susceptibility of tissues was evident within leaves of P. eugenioides because leaves were already damaged (LT 10 ) before t p /t p20 began to decline (Figure 3 ). Mesophyll damage occurred within a narrow temperature range (3--5 °C) only after the collenchyma associated with the vascular strands and the epidermal layers had been damaged.
In leaves of G. littoralis, the decline in t p /t p20 started immediately after the initial exotherm peak and extended over a temperature range of 4 to 6 °C (Figure 3 ). This pattern is consistent with the diffuse pattern of damage that occurred immediately after ice nucleation and affected all cell types equally.
In all three species, the temperature range encompassing the decline of t p /t p20 (∆T) corresponded with that associated with visible damage to the mesophyll and was closely related to LT 50 (Figure 5 ), except in P. eugenioides in June. However, a decline of t p /t p20 during progressive cooling has been observed in both freezing-sensitive and freezing-tolerant Rhododendron leaves (Larcher 1994) , suggesting that the change in fluorescence is due to ice formation within the leaf tissue rather than to death of the mesophyll. Consequently, it would be better to test the viability of the mesophyll after, rather than during, frost treatment. Recent reports show a good correspondence between visible injury of leaves and chlorophyll fluorescence measured after frost treatment (Robberecht and Junttila 1992, Lindgren and Hällgren 1993) .
Discussion
Chlorophyll fluorescence, thermal analysis and visible injury in relation to leaf anatomy
The results stress the value of visible injury as a measure of frost injury in leaves of differing anatomies. Chlorophyll fluorescence measurements relate specifically to mesophyll, whereas blackening and browning can result from damage to other leaf tissues, which is integrated by visual assessment. Furthermore, visible damage is assessed for the whole leaf, whereas fluorescence is monitored over comparatively small leaf areas, and thermocouples monitor an even smaller leaf area.
The best correlations of thermal analysis, fluorescence measurements and visible damage were found in N. menziesii (Figures 3--5 ). These relate to the highly septate nature of the leaf (Figure 1) , which provides small, individual units that . The lowest subfreezing temperature attained before the exothermic temperature increase, T sc *, is indicated with an arrow, and coincides with the temperature at which t p /t p20 starts to decline. The temperature range (∆T) encompassing the decline is indicated by vertical dotted lines. freeze at random over a period of time. Consequently, a small segment of leaf is likely to be representative of the whole leaf. In contrast, in G. littoralis, damage can be initiated anywhere in the leaf blade so that a sensor might be in an area that was damaged earlier or later than the rest of the leaf, whereas in P. eugenioides, the leaf tips and edges are injured first, so that monitoring the middle of the leaf would fail to reveal the onset of damage. Furthermore, measurements of fluorescence and temperature are instantaneous, whereas visible injury is assessed after one week and is therefore a consequence of primary events during freezing and the resultant death and decay of the cells. Despite these limitations, correspondence between the three methods was generally good and complementary in all three species, indicating that a combination of results from fluorescence measurements, thermal analysis and visible injury provides valuable information about the pattern of freezing in leaves.
Foliar frost resistance
Foliar frost resistance of all three species was within the range reported for evergreen broad-leaved trees from the Southern Hemisphere (Sakai et al. 1981) . (Greer et al. 1989) and range between −4.5 to −11.5 °C during winter depending on the altitude, and the maximum resistance is similar to the LT 50 of −11.7 °C recorded in leaves from an adult tree of N. menziesii during winter (Figure 2) .
Winter frost resistance of P. eugenioides leaves (LT 50 of −10.7 °C) was similar to the LT 50 of −8.8 °C recorded by Bannister et al. (1995) in leaves from trees in the Dunedin Town Belt, but was much greater than that found by Sakai and Wardle (1978) , who reported an LT 0 of −3 °C (in contrast to our LT i of −7.4 °C (Figure 3) ), which they concluded was inconsistent with the widespread distribution of P. eugenioides in New Zealand. However, we found frost resistances for P. eugenioides that were similar to those of other widespread species and of other species of Pittosporum (e.g., Wardle 1978, Warrington and Stanley 1987) .
Foliar frost resistance of G. littoralis (LT 50 = −10.6 °C) during midwinter is in good agreement with previous investigations (cf. Wardle 1978, Bannister 1984a) . The low LT 50 value of −3.8 °C in summer might be related to leaf anatomy (Figure 1 ) that provides little opportunity for effective supercooling.
A total seasonal change in frost resistance of P. eugenioides of only 4 °C was low but is similar to cultivars of P. tenuifolium Banks & Soland. ex Gaertn. (Warrington and Stanley 1987) . The increase in frost resistance for G. littoralis was 6.8 °C until August, which is slightly higher than that reported for other native evergreen tree species. In N. menziesii, observed hardening was within the range reported for New Zealand species, but is lower than the 9--11 °C range reported for N. solandri var. cliffortioides (Wardle and Campbell 1976) ; however, our trees were from lowland sites, and the degree of hardening may be greater at high altitudes. Sakai and Wardle (1978) related the winter frost resistance of many New Zealand species to their latitudinal and altitudinal distribution, whereas Read and Hill (1988) found no relationship between frost resistance and altitudinal distribution in Tasmanian forest trees, even when distribution within the canopy was taken into account. The three species that we examined showed differences in frost resistances that were more or less in accordance with their potential altitudinal distribution. Notofagus menziesii extends to the timberline and, as expected, was the most frost resistant. Pittosporum eugenioides, which is confined to altitudes below about 600 m (Salmon 1980) , was more frost resistant than G. littoralis, which may occur at the timberline (Wardle 1984) . However, P. eugenioides is frequently found in more exposed areas, such as forest margins and river banks, whereas G. littoralis is often a subcanopy species.
Frost resistance and species distribution
It is possible that the species we examined were unable to develop their maximum potential frost resistance in the sheltered lowland site where the experimental material was collected. Moreover, ecotypes with different frost tolerances may occur across the altitudinal and latitudinal ranges of these species, as has been observed in other native trees (cf. Hawkins et al. 1991 , Reitsma 1994 .
Nevertheless, the winter frost resistance of native New Zealand trees is low and often near its potential maximum (Sakai et al. 1981 , Greer et al. 1989 , Bannister et al. 1995 , thus small differences in frost resistance may be significant in determining the survival of trees. We found that differences in leaf anatomy influenced the formation of ice and the pattern of frost injury in these three species. Further studies are needed to determine whether these findings have general validity.
